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Recently, nitride-based semiconductors and their nanostructures have attracted a great deal of attention for their potential application to light-emitting sources. 1 However, due to the difficulty in obtaining homoepitaxial GaN substrates, they inevitably have a high dislocation density up to 10 9 cm −2 , resulting in a reduced internal quantum efficiency.
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The unintentionally self-formed In-rich regions acting as quantum dots ͑QDs͒ within the InGaN layers, however, are known to play a critical role in increasing the recombination efficiency of InGaN based light-emitting diodes ͑LEDs͒, even though they contain large density of dislocation. 1,2 Researchers have also demonstrated that self-assembled InGaN QD structures grown in a strain-induced growth mode were more efficient light emitters than thick film or quantum well structures. 3, 4 In addition, the QD structures suppress lateral carrier diffusion, preventing trapping in nonradiative recombination centers. Although the growth and properties of GaN and InGaN-based QDs have been extensively studied, [4] [5] [6] [7] there have been few reports characterizing the carrier recombination processes within the QD LEDs. [8] [9] [10] It is well known that the built-in piezoelectric polarization field in nitride semiconductors plays a critical role in the recombination process of electrical carriers, causing a shift in the emission peak wavelength and a reduction in internal quantum efficiency. 11, 12 This indicates that the piezoelectric polarization effect and recombination process of carriers are significantly affected by the size of the QDs. Therefore, it is important to understand the effect of QD size on the carrier recombination process to improve the efficiency of the InGaN QD LEDs. In this work, we report the effects of QD size on the recombination process and on the emission properties of the QD LEDs.
Self-assembled InGaN QDs were grown on a GaN layer via a strain-induced Stranski-Krastanov growth mode using a ͑0001͒ sapphire substrate at a pressure of 200 Torr by metal-organic chemical vapor deposition. After growing a 2-m-thick n-GaN layer at 1050°C, InGaN QDs were grown at 670°C for 5.2, 6.2, and 7.2 s at a growth rate of 1.96 Å / s using N 2 as a carrier gas, followed by a 20-nm-thick GaN barrier layer. This procedure was repeated five times and a 0.13-m-thick p-GaN layer was grown on the QD layer at 900°C. An x-ray diffraction analysis of 20-nm-thick InGaN layers grown under the same growth conditions showed that the In composition of the InGaN layer was 45%. QD LEDs were fabricated and the detailed procedure for fabrication of the LEDs with a size of 300 ϫ 300 m 2 was reported elsewhere. Figure 1 shows the change of the diameter and height of QDs as a function of growth time which were measured by atomic force microscopy. With increasing growth time from 5.2 to 7.2 s, the diameter and height were increased from 46 to 78 nm and 1.32 to 2.81 nm, respectively. As the growth time was increased, the density of QDs on the GaN surface increased from 1.6ϫ 10 9 to 8.8ϫ 10 9 cm −2 . Figure 2 shows the photoluminescence ͑PL͒ spectra measured at room temperature using a He-Cd laser operating at 325 nm. The wavelength of the PL peak decreased from 443 to 391 nm as QD size decreased from 2.81 to 1.32 nm due to quantum confinement in the vertical direction of QDs. The effect of diameter on quantum confinement can be neglected because the diameter is much larger than the bulk exciton Bohr radius of GaN of 3.4 nm. Even though the quantum confinement is neglected along the lateral direction, the lateral localization of electrical carriers would be expected in the potential wells of defect-free QD structures, impeding the lateral diffusion of carriers to nonradiative recombination centers and resulting in an improvement in the radiative efficiency.
To further investigate the QD size dependent PL intensity and peak shift, excitation power dependent PL spectra were measured at 10 K, as shown in Fig. 3 . Figure 3͑a͒ shows that the PL peak position of small QDs ͑1.32 nm͒ was not changed under the high ͑24 mW͒ and low ͑1 mW͒ excitation power. In the case of large QDs ͑2.81 nm͒, however, the PL peak position was shifted from 433.4 to 432.8 nm and the full width at half maximum ͑FWHM͒ of the peak was decreased from 54 to 48 meV with increasing the excitation power due to a screening effect of quantum-confined Stark effect ͑QCSE͒ by the increase in free carriers.
14, 15 The insets of Fig. 3 depict the schematic band diagrams and the distribution of electron and hole wave functions in the small and large QDs under the strain-induced built-in piezoelectric field. It has been reported that the strain-induced piezoelectric field tilts the potential profile by an amount eE p d, 14 where e is the electron charge, E p is the piezoelectric field, and d is the thickness of the QD. When the QD size is small, the electron and hole wave functions within the QDs are very close due to the narrow spacing of 1.32 nm, resulting in a strong PL peak intensity, as shown in Fig. 2 , and no PL peak shift, as shown in Fig. 3͑a͒ . On the other hand, in larger QDs with a thickness of 2.81 nm, the recombination process is strongly affected by the piezoelectric field-induced QCSE which separates electrons and holes to opposite ends of the QDs, resulting in a weak PL peak, as shown in Fig. 2 and a blueshift of the PL peak due to carrier screening under high excitation power as shown in Fig. 3͑b͒ . Furthermore, the increased strain in the larger QDs results in an enhanced piezoelectric field. The piezoelectric polarization along the c axis is given by P z = e 31 xx + e 31 yy + e 33 zz , where e 31 and e 33 are piezoelectric constants and xx , yy , and zz are the strain elements in the case of a c-axis grown hexagonal structure. 16 The internal electric field along the c axis due to the piezoelectric field is then given by E p =−͑P z / r 0 ͒, where r and 0 are the dielectric constants of InGaN and the permittivity of free space, respectively. Therefore the electric field due to the piezoelectric field is proportional to the strain between InGaN and GaN layers. A strain state analysis of InGaN / GaN layers has shown that the strain in the growth direction increases with increasing InGaN layer thickness. 17 Therefore the electric field due to piezoelectric field increases with increasing height of the InGaN QDs, resulting in increased band bending and a more significant piezoelectric field effect in the large QDs, as illustrated in the insets of Fig. 3͑b͒ . Figure 4 shows the electroluminescence ͑EL͒ spectra of QD LEDs with three different sized QDs at an input current of 100 mA, which were measured at room temperature. The wavelength of EL emission shifted from blue ͑439 nm͒ to ultraviolet ͑399 nm͒ with decreasing the QD size from 2.81 to 1.32 nm due to a quantum confinement effect. To better understand the EL emission of the QD LEDs, the 
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change in EL peak energy and peak width with increasing input current was plotted for the small ͑1.32 nm͒ and large size ͑2.81 nm͒ QDs, as shown in Figs. 5͑a͒ and 5͑b͒ , respectively. For the LED with small QDs, the EL peak showed a redshift and the FWHM of the EL peak was increased with increasing input current, as shown in Fig. 5͑a͒ . This indicates that the piezoelectric field-induced QCSE in the small size QDs is negligibly small. The redshift of the EL peak can be attributed to a Joule heating effect since the junction temperature increases linearly with increasing the input current, resulting in thermally induced bandgap shrinkage. 18 The increase in peak width with increasing input current is assumed to be due to the combined effects of band filling and the thermal heating-induced bandgap change in the QDs. The origin of the abrupt redshift of the EL peak and the increase in FWHM below 10 mA is not clear at present, but it is considered to be due to the thermalization and redistribution of carriers from small size QDs to large size QDs. 19 For the large QDs ͑2.81 nm͒, however, the EL peak was blueshifted at currents up to 40 mA and then redshifted with increasing input current. The FWHM of the EL peak decreased for input currents lower than 20 mA and then increased. The blueshift and the decrease of FWHM at low input currents are due to a suppression of the QCSE, while the redshift at high input current is attributed to a Joule heating effect, indicating that the piezoelectric field effect strongly affects the recombination process in the large QDs. These results indicate that the piezoelectric field-induced QCSE is negligibly small in the small size QDs, while it strongly suppresses the recombination of carriers in the large size QDs. Figure 6 shows the optical output power of LEDs with small ͑1.32 nm͒ and large ͑2.81 nm͒ size QDs. The optical output power at an input current of 100 mA for the LED with small QDs is 3.1 times larger than that of the large QDs even though the density of the small QD is 5.5 times lower. The increased optical output power of the small QD LED is assumed to be due to enhanced recombination efficiency by combined effect of the negligibly small piezoelectric field and enhanced quantum confinement in the small QDs. These results indicate that small size QDs are preferable to increase the recombination efficiency in InGaN QD LEDs.
In conclusion, the effects of InGaN QD size on the recombination process and the overall performance of QD LEDs were investigated. The EL and PL studies showed that the piezoelectric field-induced QCSE in small QDs is negligible while it dominates the carrier recombination process in large QDs. The optical output power of LEDs with small QDs was 3.1 times higher even though the density of the QDs was lower by 5.5 times. 
